Abstract Trichoderma species form endophytic associations with plant roots and may provide a range of benefits to their hosts. However, few studies have systematically examined the diversity of Trichoderma species associated with plant roots in tropical regions. During the evaluation of Trichoderma isolates for use as biocontrol agents, root samples were collected from more than 58 genera in 35 plant families from a range of habitats in Malaysian Borneo. Trichoderma species were isolated from surface-sterilised roots and identified following analysis of partial translation elongation factor-1α (tef1) sequences. Species present included Trichoderma afroharzianum, Trichoderma asperelloides, Trichoderma asperellum, Trichoderma guizhouense, Trichoderma reesei, Trichoderma strigosum and Trichoderma virens. Trichoderma asperellum/T. asperelloides, Trichoderma harzianum s.l. and T. virens were the most frequently isolated taxa. tef1 sequence data supported the recognition of undescribed species related to the T. harzianum complex. The results suggest that tropical plants may be a useful source of novel root-associated Trichoderma for biotechnological applications.
Introduction
Members of the cosmopolitan fungal genus Trichoderma (Hypocreales, Ascomycota) are common inhabitants of soil, woody and herbaceous plant debris, and the rhizosphere (Kubicek et al. 2008; Harman 2000) . Many species have a mycotrophic lifestyle, with the ability to feed on dead fungal tissue or directly parasitise living fungi (Druzhinina et al. 2011; Chaverri and Samuels 2013) . Trichoderma species are now also recognised as being able to persist as plant endophytes in living sapwood, leaf tissue or roots, and may confer a range of benefits to their hosts (Bailey and Melnick 2013; Harman et al. 2004) . Considerable research has consequently been directed towards the development of Trichoderma strains as crop protection agents to control pathogens and promote plant growth (see Benítez et al. 2004; Harman 2000; Howell 2003) .
Trichoderma species are capable of forming symbiotic associations with plant roots, and have been shown to extensively colonise root surfaces and also establish as endophytes by penetrating between cells in root tissue. This interaction is restricted to cells in the first few layers of the root cortex due to plant defence responses which limit further internal growth (Harman et al. 2004; Yedidia et al. 1999) . In addition to providing positive effects on plant growth, root development and nutrient uptake (Harman 2011) , root colonisation with particular Trichoderma strains also reduces plant diseases caused by Section Editor: Roland Kirschner microbial pathogens. Disease suppression is likely to occur through several different mechanisms, including direct parasitism (Druzhinina et al. 2011) , antibiotic production (Reino et al. 2008) , competition for resources (Howell 2003; Elad 1996) and induction of localised and systemic disease resistance in the host plant (Harman et al. 2004; Hermosa et al. 2012) .
Increased understanding of biodiversity in Trichoderma can be considered an important prerequisite for further exploitation of the genus in biological applications. Most surveys examining Trichoderma diversity in defined geographical regions have focused on isolates obtained from soils, e.g. in Russia and the Siberian Himalayas (Kullnig et al. 2000) , China (Zhang et al. 2005; Sun et al. 2012) , South-East Asia , India (Kamala et al. 2015) , Egypt (Gherbawy et al. 2004) , Iran (Naeimi et al. 2011) , Europe (Wuczkowski et al. 2003) , the Canary Islands (Zachow et al. 2009 ), Sardinia (Migheli et al. 2009 ) and South America (Hoyos-Carvajal et al. 2009 ). Detailed investigations of Trichoderma species (including sexual and asexual morphs) occurring on above-ground plant and fungal material were also conducted in Europe (Jaklitsch 2009 (Jaklitsch , 2011 Jaklitsch and Voglmayr 2015) . Although Trichoderma species are frequently recorded as endophytes in plant roots (e.g. Dang et al. 2010; Naik et al. 2009; Narisawa et al. 2002; Park et al. 2012; Jones 2010, 2012; Verma et al. 2011 ), comparatively few studies have systematically investigated the diversity of Trichoderma species present as root endophytes, and research has mainly been restricted to species colonising economically important host plants. We are aware of only two major studies (Mulaw et al. 2013; Xia et al. 2011 ) that have sought to specifically isolate and characterise Trichoderma populations associated as root endophytes, and in both cases, only one host plant species was examined. Xia et al. (2011) reported differences in the species composition of Trichoderma strains isolated from the interior and exterior root surfaces of banana in China and identified distinct genetic groups found only as endophytes. Root-endophytic Trichoderma internally colonising roots of Coffea arabica were isolated and characterised from coffee-growing areas in Ethiopia. Isolates were found to include novel Trichoderma species, which showed potential for control of several major plant pathogens (Hoyos-Carvajal and Bissett 2011; Mulaw et al. 2013; Samuels et al. 2012) .
In common with many other genera of conidial fungi, the identification of Trichoderma isolates based on traditional morphological approaches is problematic due to a lack of characters that can be practically used for species-level characterisation. Currently, over 250 named species are accepted in Trichoderma, including many morphologically cryptic taxa, and diagnostic DNA sequence data are considered necessary for reliable identification (Bissett et al. 2015) . Although the internal transcribed spacer (ITS) of ribosomal DNA has shown utility for general fungal barcoding (Schoch et al. 2012) , sequences from this region have limited application in delineating all Trichoderma species. A fragment of the translation elongation factor-1α (tef1) gene, which incorporates one or more introns, is now commonly used as an alternative DNA marker for more robust identification in the genus . Formal descriptions of new Trichoderma species typically include data from multiple genetic loci (e.g. Jaklitsch and Voglmayr 2015; Chaverri et al. 2015) , which can delimit species by genealogical concordance phylogenetic species recognition (GCPSR; Taylor et al. 1999 Taylor et al. , 2000 .
A research programme aimed at using Trichoderma to reduce disease and improve productivity in Acacia mangium plantation forestry was initiated in Sarawak, Malaysia, in 2008 (Hill et al. 2010 Stewart and Hill 2014) . As part of this project, endophytic Trichoderma species were isolated from surface-sterilised roots of a wide range of plant species collected from disturbed and natural forest habitats in Sarawak and Sabah on the island of Borneo. Our study examines species diversity in these isolates based on phylogenetic analysis of sequences from the tef1 gene region. Previous records of Trichoderma species from Malaysian Borneo are extremely limited, and sequence data are not available to validate identifications of the few species already reported from this region. This study, therefore, serves to provide new information on Trichoderma diversity from both a specific microhabitat and a geographical region where knowledge is currently lacking.
Materials and methods

Collection
Root samples were collected from healthy plant species at natural forest and plantation sites in Sarawak and Sabah (Table 1) . Root samples were placed in clean zip-lock plastic bags and moistened with water. Samples were stored at 4°C before isolation. For fungal isolation, roots were thoroughly washed in running tap water and cut into pieces of approximately 1 cm in length. Root pieces were surfacesterilised with a 1 % sodium hypochlorite solution for 10 min or in 1 % Virkon® (Antec) solution for 10 min, followed by a final rinse in sterile distilled water. After treatment, the root fragments were placed on clean paper tissue in Petri dishes for approximately 1 h to absorb excess moisture. Root fragments were transferred into plates of tap water agar, 1 % malt extract agar (MEA, Difco) or 1 % MEA with 0.015 % rose bengal (Sigma). Plates were incubated under laboratory conditions with ambient light for 4-7 days. Trichoderma colonies that grew from root fragments were 
DNA sequencing and phylogenetic analyses
Genomic DNA was extracted from cultures grown for three days on potato dextrose agar (Difco) at room temperature. DNA was extracted using the Gentra® Puregene® Tissue Kit (Qiagen), according to the manufacturer's instructions. For each isolate, an approximately 900-bp fragment from the 5′ end of the tef1 gene was amplified using the primer pair tef71f (C AAA ATG GGT AAG GAG GAS AAG AC) and tef997R (CA GTA CCG GCR GCR ATR ATS AG) (Shoukouhi and Bissett 2009 ). All polymerase chain reaction (PCR) amplifications were performed in a total reaction volume of 20 μl, including 0.4 μM of each primer, 200 μM dNTPs, 2 μl 10× reaction buffer, 2.5 mM MgCl 2 , 2 μl undiluted template DNA and 1U Taq Polymerase. The PCR conditions followed a procedure described by Hoyos-Carvajal et al. (2009) . DNA was initially denatured for 6 min at 95°C; followed by four cycles each of 1 min at 95°C, 90 s at 70°C, 90 s at 72°C; followed by 26 cycles with the annealing temperature decreasing by 0.5°C per cycle from 68°C to 55°C; followed by 12 cycles with the annealing temperature at 55°C and a final extension of 7 min at 72°C. PCR products were visualised by ethidium bromide staining following electrophoresis of 5 μl of each product in 1 % agarose gels. PCR products were sequenced in both forward and reverse directions using the internal sequencing primers tef85f (AG GAC AAG ACT CAC ATC AAC G) and tef954r (AGT ACC AGT GAT CAT GTT CTT G) (Shoukouhi and Bissett 2009 ) at the Bio-Protection DNA Sequencing Facility (Lincoln University). Consensus sequences were assembled from forward and reverse sequencing chromatograms using ChromasPro v.1.7.6 (Technelysium). All sequences are deposited in GenBank with the accession numbers given in Table 1 . Following initial BLAST searching to identify species affiliations, sequences were incorporated into datasets with representative sequences from New Zealand and overseas Trichoderma collections (including type or authentic sequences, where available). Sequence alignments were performed using MUSCLE (Edgar 2004 ) implemented in MEGA 6 (Tamura et al. 2013) and are deposited in TreeBASE (http://www.treebase.org) under accession number S18755. Distance analyses were conducted in MEGA 6 using the neighbour-joining (NJ) method (Kimura 2-parameter). After the removal of duplicate sequences from the alignments, maximum likelihood (ML) analyses were performed in PhyML (Guindon and Gascuel 2003) with substitution models determined by the Bayesian information criterion using jModelTest (Darriba et al. 2012) . Branch support in NJ and ML analyses was calculated from 1000 bootstrap replicates. Gaps were treated as missing data in all analyses.
Results
A total of 93 Trichoderma isolates were isolated from root samples collected in Malaysian Borneo, representing 58 plant genera in 35 families (Table 1) . For the 93 isolates, DNA sequences of approximately 800 bp were generated from the tef1 locus. Final alignments used in phylogenetic analyses were between 450 and 500 base pairs in length. NJ and ML analyses generated similar tree topologies for each dataset. The distribution of isolates within major Trichoderma clades (following Jaklitsch and Voglmayr 2015), species and host plant groups are summarised in Table 2 . The majority of isolates were distributed amongst the Viride (39 %) and Greenspored (60 %) Trichoderma clades. Isolates that correspond with currently named species included representatives of T. afroharzianum (1), T. asperelloides (22), T. asperellum (13), T. guizhouense (1), T. reesei (2), T. strigosum (1) and T. virens (22). Thirty-one isolates were distributed into several groups of undetermined species in the Green-spored clade.
Twenty-seven isolates from 26 host species in 19 families were found to group within the Green-spored clade in the complex of species centred around T. harzianum (Fig. 1) . Only two isolates were found to correspond with named species in this clade: T. guizhouense (TS73) and T. afroharzianum (TS105). Most of the remainder of the isolates (70 %) in this group were distributed in a well-supported subclade (83/94 %; NJ and ML bootstrap support, respectively) with T. harzianum s.s. and the recently designated species T. camerunense, T. neotropicale, T. endophyticum, T. afarasin, T. rifai and T. simmonsii. Within this clade, isolates generally clustered into weakly supported groups or formed lone singleton lineages. An additional group of isolates was clearly distinguished from currently named species in the T. harzianum complex with bootstrap values of 98/99 %, and formed a sister clade Isolates that appear likely to represent at least two new taxa grouped with species at the base of the Green-spored clade (Fig. 2) . A singleton isolate (TS104) clustered with T. tomentosum, T. ceraceum, T. cerinum and the undescribed species 'S404' (Jaklitsch and Voglmayr 2015), with 81/88 % support in the bootstrap analysis. A well-supported (99/98 %) group of five isolates from various hosts (representing five plant families) was also aligned with these species. The GenBank sequence closest to this group was from a single collection from New Zealand (LU600) of an apparently undescribed species (Braithwaite et al., unpublished data).
In the Viride clade, most isolates were found to represent either T. asperellum or T. asperelloides (Fig. 3) and, collectively, these species were isolated from 18 plant families in 14 plant orders. Within both T. asperellum and T. asperelloides, tef1 sequences obtained in this study showed little divergence from each other or from overseas representatives included in the analysis, with differences limited to only 1-2 nucleotide positions. The majority of sequences in both taxa were identical to type-derived sequences from the respective species and with other collections from several countries. Distinct groups comprising only isolates from Borneo and differing at one nucleotide position were identified in T. asperelloides (TS7, TS20 and TS69) and T. asperellum (TS34 and TS153). An additional group that includes two Malaysian isolates (TS33 and TS26) and one from Brazil was also seen in T. asperellum. Also within the Viride clade, a single isolate TS113 from Myrtaceae was identified as T. strigosum (Fig. 4) , showing 99 % sequence identity with the ex-type strain.
Twenty-two isolates obtained from the roots of 21 plant species in 15 families were identified as T. virens (Fig. 5) . Several isolates showed little differentiation in their sequences and were interspersed amongst overseas representatives of the taxon in the NJ tree. Two groups of Malaysian isolates separated into well-supported clades distinct from the type-derived sequence of T. virens. One clade (94/95 % bootstrap) comprised only isolates collected during this study, while the other group (93/91 %) also included a strain isolated from South America.
Within the Longibrachiatum clade, two isolates (TS206 and TS207), obtained from species in two different plant families, were identified as T. reesei (Fig. 6 ), clustering closely with representative sequences of the species from South America and the Pacific Islands.
Discussion
In this study, we examined the diversity of Trichoderma species associated with the roots of native and introduced plant species in the Malaysian states of Sarawak and Sabah on the island of Borneo. Species identified following analysis of the Fig. 2 Phylogenetic tree obtained from neighbour-joining analysis of tef1 sequences including apparently undescribed Trichoderma species. Sequences from this study are designated in bold font, with the host plant family indicated. GenBank accession numbers are given for reference sequences, with sequences from type specimens indicated (T). The numbers on branches show bootstrap support values over 70 % for 1000 replicates in the neighbourjoining and maximum likelihood analysis, respectively. The scale bar unit represents the number of base substitutions per site tef1 region included T. afroharzianum, T. asperelloides, T. asperellum, T. guizhouense, T. reesei, T. strigosum and T. virens. Of these species, only T. asperellum and T. reesei have been previously reported from East Malaysia Asis and Siddiquee 2015) , although sequence data are not available to verify these records. Several groups of undetermined isolates from Borneo are likely to represent new Trichoderma species based on our analyses of tef1 sequences.
The predominant taxa isolated in this study were the closely related species T. asperellum and T. asperelloides. Samuels (1999) initially segregated T. asperellum from Trichoderma viride based on differences in morphology and ribosomal DNA sequences. Following subsequent analysis of additional gene regions (Lieckfeldt et al. 2000a, b; Hoyos-Carvajal et al. 2009 ) and MALDI-TOF mass spectrometry ) suggesting that T. asperellum comprises two discrete taxa, Samuels et al. (2010) described T. asperelloides as a cryptic species which is morphologically indistinguishable from T. asperellum. Both species are generally considered as having a mainly tropical distribution, with relatively rare Fig. 3 Phylogenetic tree obtained from neighbour-joining analysis of tef1 sequences from T. asperellum and related species. Sequences from this study are designated in bold font, with the host plant family indicated. GenBank accession numbers are given for reference sequences, with sequences from type specimens indicated (T). The numbers on branches show bootstrap support values over 70 % for 1000 replicates in the neighbour-joining and maximum likelihood analysis, respectively. The scale bar unit represents the number of base substitutions per site occurrences in temperate regions (Hoyos-Carvajal and Bissett 2011; Samuels et al. 2010) . Trichoderma asperellum and T. asperelloides are well known as root-colonising fungi that can elicit plant immune responses and have shown significant potential for biological control of plant diseases (see Harman et al. 2004; Samuels et al. 2010) . Isolates of these species obtained in the present study were found to be the best performing strains for disease suppression and growth promotion in Acacia mangium forestry in Sarawak (Hill et al. 2010; Stewart and Hill 2014) .
Species within the T. harzianum complex were the second most abundant group of isolates obtained from Malaysian root samples. Trichoderma harzianum was previously recognised as a species complex consisting of multiple cryptic species (Chaverri et al. 2003; Druzhinina et al. 2010b ). More recently, the group has been the focus of major revision, which has separated T. harzianum s.l. into 14 named species (Li et al. 2013; Chaverri et al. 2015) . In our analyses, tef1 data were found to reliably distinguish most of these species but could not resolve differences within a small group of taxa, which included T. afarasin, T. endophyticum and T. neotropicale. Notably, most members of the T. harzianum complex obtained in Borneo could not be assigned to currently named species, apart from single isolates of the cosmopolitan species T. afroharzianum and T. guizhouense, which were isolated from native rainforest plants. The remaining isolates were mostly distributed in a well-supported subclade that also included overseas representatives of T. camerunense, T. neotropicale, T. endophyticum, T. afarasin, T. rifai, T. simmonsii and T. harzianum. One group of isolates showed a close relationship to T. camerunense and may represent this species, although their identity needs to be confirmed following a wider appraisal of T. camerunense, which is currently known only from two cultures from Africa (Chaverrri et al. 2015) . A number of isolates formed divergent singleton lineages or weakly supported groupings, and their identification needs to be verified by additional sampling and analysis. tef1 sequence data strongly supported the inclusion of several isolates in a novel species group positioned at the base of the T. harzianum subclade. A second group that also appears to represent one or more undescribed species was found to be closely related to T. cerinum, T. tomentosum and other species which form a separate clade near the base of the T. harzianum complex (Jaklitsch and Voglmayr 2015) . The tef1 locus is considered to be the most useful marker for discriminating species in Trichoderma (Chaverri et al. 2015; Jaklitsch and Voglmayr 2015) , and sequences from this region clearly distinguished these groups of Borneo isolates from currently described taxa. However, formal description of new species indicated from this study should also incorporate data from additional genetic loci to further clarify their taxonomic and phylogenetic affiliations. Most currently named species in T. harzianum s.l. display some level of biogeographic segregation (Chaverri et al. 2015) , suggesting that the novel Trichoderma groups detected in our study may be endemic to Borneo or the wider South-East Asian region.
Trichoderma virens was also commonly isolated from root samples in this study. The species was considered to have a cosmopolitan distribution by Chaverri et al. (2011) . Although T. virens is found only rarely in some regions (Bissett 1991) , this may reflect a narrow range of habitat preferences for this species (Hoyos-Carvajal 2009; Kubicek et al. 2003 ), which appears to include the root microenvironment. Samuels and Hebbar (2015) considered T. virens to be a species complex requiring further subdivision, and this is also indicated by our results, with tef1 analysis resolving several distinct groupings amongst our isolates. Two additional species, T. reesei and T. strigosum, were only isolated infrequently in this study. Two isolates collected from different plant hosts (unidentified Alstonia and Amorphophallus species) collected in the same Fig. 4 Phylogenetic tree obtained from neighbour-joining analysis of tef1 sequences from T. strigosum and related species. Sequences from this study are designated in bold font, with the host plant family indicated. GenBank accession numbers are given for reference sequences, with sequences from type specimens indicated (T). The numbers on branches show bootstrap support values over 70 % for 1000 replicates in the neighbour-joining and maximum likelihood analysis, respectively. The scale bar unit represents the number of base substitutions per site locality were identified as T. reesei. The species is commercially important in industrial enzyme production and has a widespread distribution in South-East Asia and other tropical regions (Lieckfeldt et al. 2000a, b; Samuels et al. 2012) , where it is usually present as its teleomorph on woody debris (Atanasova et al. 2010; Kuhls 1996; Samuels and Hebbar 2015) . Although earlier studies reported the frequent isolation of anamorphic strains of T. reesei from soils in tropical countries Hoyos-Carvajal et al. 2009; Kubicek et al. 2003) , these were later placed in the closely related cryptic species Trichoderma parareesei (Atanosova et al. 2010) . Authentic collections of T. reesei in its anamorphic form on natural substrates are rare (Druzhinina et al. 2010a; Samuels and Hebbar 2015) , and the species does not appear to have been previously recorded in association with plant roots. Trichoderma reesei is considered as having a slower growth rate and lack of competitive ability compared with many other Trichoderma species (Atanasova et al. 2010) , which may, at least partly, explain its low rate of recovery in this and other studies where methods tend to select for fastergrowing species. A single culture of T. strigosum was isolated from the roots of a Tristaniopsis species. Trichoderma strigosum appears to be a relatively uncommon member of the genus; however, our record, together with reports of its isolation from North, Central and South America, Africa, Turkey (Bissett 1991; López-Quintero et al. 2013; Samuels and Hebbar 2015) and New Zealand (Braithwaite et al., unpublished data) shows that the species has a broad distribution. Most isolations of T. strigosum have been made from soil or leaf litter, although it has also been found to occur as an endophyte in sapwood and roots of different plants from Brazil (Samuels and Hebbar 2015) . A recently described and The predominance of T. asperellum, T. asperelloides, T. harzianum s.l. and T. virens observed in this study is generally consistent with other studies examining Trichoderma diversity in tropical countries. Hoyos-Carvajal et al. (2009) found T. asperellum, T. asperelloides (reported as T. asperellum) and T. harzianum s.l. to be the most prevalent taxa in a large survey of Trichoderma in the neotropical region, and T. asperellum and T. harzianum s.l. were dominant among isolates from tropical parts of China (Sun et al. 2012) . Trichoderma virens and T. harzianum were found to be the most common species in the cocoa rhizosphere in the Ivory Coast by Mpika et al. (2009) . Although few studies have specifically focused on the diversity of endophytic Trichoderma in roots, our results are strikingly similar to those of Xia et al. (2011) , who found that T. asperellum, T. virens and T. harzianum (as Hypocrea lixii) represented the largest populations of species isolated from surface-sterilised banana roots in China. However, while the widespread occurrence of T. harzianum in tropical regions is indicated by the above studies, recent revision of this group suggests that isolates in previous reports may include a range of tropically distributed taxa, together with the two cosmopolitan species T. afroharzianum and T. guizhouense, with T. harzianum s.s. probably restricted to temperate climates, as in Europe and North America (Chaverri et al. 2015) .
Many of the host plant families and species examined in our study were represented by single collections, so limited conclusions can be reached on the host-specificity of individual Trichoderma species. However, most groups of Trichoderma were isolated from a diverse range of plant hosts, suggesting no specific patterns of host association in the species examined here. Recent evidence suggests that, unlike other fungal groups such as ectomycorrhizal basidiomycetes, root-endophytic ascomycetes generally show little host specialisation (Sato et al. 2015; Toju et al. 2013) . Although the isolates obtained in our study may be considered endophytic in the sense that they were recovered from surface-sterilised roots, it is important to distinguish them from endophytic species present in above-ground plant parts, which are often restricted to this habitat (e.g. Chaverri et al. 2011 Chaverri et al. , 2015 . Trichoderma species that internally colonise root tissues are considered as opportunistic symbionts of plants (Harman et al. 2004) , and are also commonly present on outer root surfaces and as saprotrophs and mycotrophs in the surrounding soil (Druzhinina et al. 2011; Jaklitsch 2009 ). Mulaw et al. (2013) and Xia et al. (2011) reported that most Trichoderma present as endophytes in roots also occurred in the rhizosphere, but showed that not all strains found in the rhizosphere were able to endophytically colonise roots. In contrast, species such as Trichoderma flagellatum and an undescribed species have, to date, only been isolated from surface-sterilised roots (Samuels et al. 2012; Mulaw et al. 2013 ) and may represent specific root endophytes. It is considered that at least some of the strains encountered in the present study are also likely to be found in association with soils and plant rhizospheres in Borneo. While we are confident that the surface-sterilisation methods used in our study were sufficient to eliminate epiphytic fungi from the root surface, we agree with Sieber (2002) in that unequivocal proof of endophytic colonisation can only be gained from microscopic confirmation of fungal presence inside root tissues. This study provides new information on the Trichoderma community in endophytic associations with plant roots in a geographic region that has been largely neglected in previous studies of the genus. However, our observations are likely to represent only a narrow picture of the extent of Trichoderma diversity in Malaysian Borneo. Although Borneo is considered a 'biodiversity hotspot' with high rates of endemism (Myers et al. 2000) and an estimated 12,000 plant species in Sarawak and Sabah (Saw and Chung 2005) , fungal diversity in the region remains poorly known, with records of <4000 fungal species from Malaysia as a whole . Further isolation of Trichoderma from a range of substrates in Borneo is considered likely to reveal many more species, including novel taxa, which may offer significant potential for development in biotechnological applications.
